In this work, we introduce a novel method for enhanced particle filtration using shear-modulated inertial migration in straight microchannels. Depending on their size, inertial lift causes particles to migrate toward microchannel walls. Using microchannels with high aspect ratio cross sections, the fluidic shear can be modulated, resulting in preferential equilibration of particles along the longer microchannel walls. Due to large lift forces generated in these high aspect ratio channels, complete particle filtration can be achieved in short distances even at low flow rates ͑ReϽ 50͒. Based on this principle, we use a straight microfluidic channel with a rectangular cross section to passively and continuously filter 1.9 m polystyrene particles. Overall, the proposed technique is versatile and can be easily integrated with on-chip microfluidic systems for filtration of a wide range of particle sizes, from micro-to nanoparticles.
In this work, we introduce a novel method for enhanced particle filtration using shear-modulated inertial migration in straight microchannels. Depending on their size, inertial lift causes particles to migrate toward microchannel walls. Using microchannels with high aspect ratio cross sections, the fluidic shear can be modulated, resulting in preferential equilibration of particles along the longer microchannel walls. Due to large lift forces generated in these high aspect ratio channels, complete particle filtration can be achieved in short distances even at low flow rates ͑ReϽ 50͒. Based on this principle, we use a straight microfluidic channel with a rectangular cross section to passively and continuously filter 1.9 m polystyrene particles. Overall, the proposed technique is versatile and can be easily integrated with on-chip microfluidic systems for filtration of a wide range of particle sizes, from micro-to nanoparticles. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2998844͔ Filtration and separation of particles for biochemical, clinical, and environmental applications have triggered exponential growth in microscale continuous-flow particle manipulation techniques in recent years. 1 Applications ranging from removal of colloidal and supracolloidal residues from wastewater effluents to detection of biologically harmful agents such as bacteria and protozoa in drinking water require continuous filtration of large sample volumes. Most of microscale filtration and separation techniques, such as fieldflow fractionation, [2] [3] [4] hydrodynamic chromatography, 5 electrophoresis, 6, 7 dielectrophoresis, 8 and acoustic separation, 9 work in batch mode rather than continuous-flow mode, requiring precise injection of small sample volumes in the filtration microchannel. In most laboratory-on-a-chip ͑LOC͒ applications, however, continuous on-chip filtration and separation of particles is desirable for fast analysis and detection. 1 These techniques are thus not an attractive choice for filtering and separating particles in large sample volumes ͑greater than milliliters͒. In addition, most of these techniques rely on external force fields for their functionality and the active sources needed to produce these fields can make device fabrication complex and difficult to integrate with conventional LOC components. In this work, we describe a simple approach for continuous passive filtering of micro-and potentially nanoparticles in straight microchannels with rectangular cross sections using size-dependent inertial migration. Using this approach, we demonstrate a microfluidic device for complete extraction of 1.9 m particles from a solution. The device design takes advantage of preferential equilibration of particles by modulating the shear rate across the microchannel cross section, which forces particles to migrate along the shorter microchannel cross-sectional dimension having a higher shear rate, thus enhancing filtration. Although lateral migration of particles on the macroscale has been extensively studied, little has been done to understand and apply this phenomenon on the microscale. [10] [11] [12] [13] The basic principle of the approach is illustrated in Fig.  1 . Neutrally buoyant particles suspended in fluid flowing through a microchannel experience viscous drag and inertial lift forces. The drag forces, primarily due to the viscous nature of the carrier fluid, are responsible for entraining particles along the flow streamlines. The inertial lift forces are responsible for the transverse migration of particles across the flow streamlines. The parabolic nature of the laminar velocity profile in Poiseuille flow produces a shear-induced inertial lift force that drives particles away from the microchannel center toward microchannel walls. As particles migrate closer to the channel wall, an asymmetric wake induced around particles generates a wall-induced lift force driving the particles away from the wall.
14 These opposing forces focus the particles to form a narrow band ϳ0.2D h away from the channel wall. [12] [13] [14] [15] [16] [17] For particles to focus in a finite channel length for practical microfluidic applications, equilibration occurs for a p / D h Ն 0.07 ͑a p is the particle diameter and D h is the microchannel hydraulic diameter͒.
14 Increasing the flow rate shifts this equilibration position closer to the channel walls. 15, 16 Segre and Silberberg 16, 17 were the first to demonstrate the principle of inertial migration in a circular tube on the macroscale by showing that a suspension of uniformly dispersed particles migrates to form a narrow band near channel walls. Recently, inertial migration of particles in channels with square cross sections has also been reported, confirming equilibration and focusing of particles. 15, 18 However, little work has been done to date to understand particle equilibration in rectangular microchannels.
For ReϽ 100 flows ͑Reynolds number Re= U f D h / ͒, which are typical in microfluidic devices, eight stable equilibrium positions exist in a square microchannel due to a uniform shear gradient on all four sides. 15 Increasing to Re Ͼ 500 will reduce these equilibrium positions to 4, resulting in all particles equilibrating at channel corners. 15 Although with only four corner equilibrium positions it is easy to filter and separate particles in planar microfluidic devices, high pressure drops resulting from the fast flows make this approach impractical for microfluidic applications. In this work, we overcome this problem by modulating shear rate in microchannels. Using a rectangular microchannel cross section ͑planar Poiseuille flow͒ yields a higher shear rate along the narrowest dimension of the channel, which results in larger lift forces that cause particles to preferentially migrate toward the longer channel walls. The larger lift forces along the narrowest dimension also reduce the channel length required for particles to undergo equilibration, and thus can be advantageous in many microfluidic applications requiring particle filtration in short distances. We demonstrate herein how this preferential migration of particles in rectangular microchannels can be used to completely filter 1.9 m particles from a solution at low Re ͑ReϽ 50͒.
Asmolov 19 derived an expression for the net lift force acting on a particle as a function of particle position as
where is the fluid density, G is the fluid shear rate ͑G =2U f / D h ͒, U f is the average flow velocity, and C L is the lift coefficient that is a function of the particle position across the channel cross section. Although C L varies with Re, 19 at ReϽ 100 that are typical of most microfluidic applications the lift coefficient remains relatively constant and an average value of C L ϳ 0.5 can be assumed.
14 Traditionally, the hydraulic diameter is assumed as the characteristic length scale of a channel. For square microchannels, the characteristic length scale is the channel width or height, which is also equal to the microchannel hydraulic diameter. In rectangular microchannels, however, the characteristic length is the narrowest channel dimension ͑width in this work͒. The lift force expression can then be rewritten as
Thus, this lift force is a function of particle size, channel dimensions, and flow velocity. Using Stokes' law ͑F L =3a p U L ͒, Eq. ͑2͒ can be used to arrive at an expression for particle lateral migration velocity ͑U L ͒,
where is the fluid viscosity. Thus, the microchannel length ͑L͒ necessary for a particle to completely migrate to its equilibrium position can be calculated as
where L p is the maximum required migration distance and U max is the maximum flow velocity. This expression can now be used to design microchannels for passive filtration and separation of particles. Finally, the flow velocity ͑U f ͒ at which particles equilibrate in microchannels can be predicted using a dimensionless number known as the particle Reynolds number ͑Re p ͒ which is related to the fluid Reynolds number ͑Re͒ through the ratio of particle and channel length scales,
where w is the microchannel width ͓for microchannels with aspect ratio ͑AR͒ = h / w Ͼ 1͔. For the results reported here, three microchannels were fabricated in polydimethylsiloxane ͑PDMS͒ using standard soft lithography methods. 20 The microchannel cross sections were 20ϫ 20 m 2 ͑D h =20 m͒, 50ϫ 20 m 2 ͑D h = 28.6 m͒, and 20ϫ 50 m 2 ͑D h = 28.6 m͒. Each design consisted of a 4 cm long microchannel with a single inlet and three bifurcating outlets. Microchannels began with a 200 m wide segment at the input that constricted to the appropriate channel width; at the output each microchannel opened into a 200 m wide section to enhance visualization. Microchannels were tested using a Plexiglas interconnect for quick and reusable microfluidic connections. 21 Fluorescently labeled 1.9 m diameter ͑a p / w = 0.07-0.10͒ polystyrene particles ͑Bangs Laboratories͒ in de-ionized water ͑0.05% volume fraction͒ were pumped using a syringe pump ͑NE-1000X, New Era Pump Systems͒ at Re=1-40 or Re p = 0.009-0.36. For a 1.9 m diameter particle to migrate across a 10 m channel half-width, to ensure that all particles move to their equilibrium positions, the required channel lengths are calculated to be 15, 1.5, 0.8, and 0.4 cm for 
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Bhagat, Kuntaegowdanahalli, and Papautsky Phys. Fluids 20, 101702 ͑2008͒ Re= 1, Re= 10, Re= 20, and Re= 40 flows, respectively. Particle migration was observed using an epifluorescence microscope ͑Olympus IX71͒ equipped with a 12 bit charge coupled device camera ͑Retiga EXi, QImaging͒. The microscope was focused at the bottom of each microchannel, and at least 300 images from each location were captured and overlaid to create composite images. Grayscale linescans across the microchannel width of the averaged composite images were analyzed in IMAGEJ® to determine particle dispersion. Images and corresponding linescans illustrating flow of 1.9 m diameter particles in three microchannels at Re =20 ͑Re p = 0.19͒ are shown in Fig. 2 . Adjacent schematics indicate cross-sectional geometry of each microchannel and approximate particle position. At the input ͓Fig. 2͑a͔͒, particles are uniformly distributed across the microchannel. In the 20ϫ 20 m 2 microchannel ͓Fig. 2͑b͔͒, due to its square cross section, particles form a band along the microchannel perimeter ϳ0.2D h away from the walls. The fluorescence intensity scan confirms this and shows large peaks at the corners and a uniform intensity at the center, indicating particle focusing near the vertical and horizontal sidewalls. This result is also in agreement with the recent report by Kim and Yoo. 18 In rectangular microchannels, shear force along the microchannel cross section is not uniform, forcing preferential particle focusing. In the 50ϫ 20 m 2 microchannel ͓Fig. 
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Enhanced particle filtration in straight microchannels Phys. Fluids 20, 101702 ͑2008͒ channel ͓Fig. 2͑d͔͒, particles also migrate toward the wider channel walls, this time vertical sidewalls, due to higher fluidic shear along the 20 m wide walls. This creates a central region across the 20 m width completely devoid of particles at low Re, as confirmed by the intensity linescan. Opening the 20 m microchannel into a broader segment ͑e.g., 200 m͒ amplifies the distance between particle streams, facilitating easy extraction. By designing a three outlet system and taking advantage of the laminar flow profile, individual particle streams can be collected at side outlets, with particle-free solution collected at the central outlet. Figure 3 illustrates a fluorescent image of the three-outlet segment in a 20ϫ 50 m 2 microchannel with particles filtering out in side outputs.
As mentioned earlier, particles equilibrate in rectangular microchannels for a p / w Ն 0.07. We observed that for a p / w = 0.07, particles begin to equilibrate at approximately Re p = 0.05 ͑Reϳ 10͒ in microchannels at least 4 cm long. Increasing the a p / w ratio decreases the flow rate ͑Re͒ required for particle equilibration for the same microchannel length.
In summary, we have reported on a simple approach to continuously and passively filter particles in straight microchannels with rectangular cross sections using inertial migration. By employing high AR microchannels, shear rate across the channel cross section can be modulated to preferentially focus particles along the vertical microchannel sidewalls at low flow rates ͑ReϽ 50͒. Thus, the microchannel length required for particles to focus under inertial migration decreases drastically, which is highly advantageous for microfluidic applications. Since the separation process is entirely size dependent, the proposed design offers versatility of filtering particulate solutions over a wide range of particle sizes, from micro-to nanoparticles. The simple device geometry facilitates ease of design, fabrication, and integration with existing LOCs. We expect that the results of this work will benefit a wide range of analytical, environmental, biological, and manufacturing applications that require rapid, low-cost, continuous filtration, and/or separation of particles. This work was supported by a seed grant from the University of Cincinnati Institute for Nanoscale Science and Technology.
